1. Introduction {#sec1}
===============

In recent years, antitumor drug discovery aimed to develop bioactive molecules acting on a single molecular target with high potency and selectivity. However, these single target drugs could hardly achieve an effective and durable control of the malignant process, due to the complex alterations of tumor cells and the redundancy of survival signaling pathways[@bib1]^,^[@bib2]. Thus, the use of drug combinations towards different targets is a well-established approach to overcome these limitations[@bib3]. However, the unique pharmacokinetic features of each drug and unpredictable drug--drug interactions often leads to the difficulty in setting reasonable doses/schedules and increased possibility of adverse effects[@bib4]^,^[@bib5]. An alternative is to design a single molecule simultaneously interacting with multiple targets with synergistic effects. Ideally, a single multi-targeting molecule can offer the potential for higher efficacy, more favorable pharmacokinetic profiles and less adverse effects[@bib4]. This strategy has been verified by numerous studies covering various kinds of targets and gained considerable interests in drug discovery[@bib5], [@bib6], [@bib7]. However, the discovery of multi-targeting antitumor agents with therapeutic advantages over single-targeting drugs and their combination is still highly challenging.

In recent decades, there has been a dramatic improvement in understanding of epigenetic regulatory mechanisms and the dysregulation of epigenetic control has been frequently associated with cancer[@bib8]. Epigenetic modifications including DNA methylation and histone modification serve as a contributor to carcinogenesis, driving the transformation of normal cells into malignant cells together with genetic mutations, resulting in the onset and development of tumor[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]. Therefore, epigenetic modifications have been considered as effective targets for the treatment of cancer. Among the epigenetic targets, histone deacetylases (HDACs) are highly overexpressed in various cancer cells[@bib14]^,^[@bib15], and HDAC inhibitors (HDACi) were proven to be effective in many biological processes of cancer cells, including cell differentiation induction, growth inhibition, apoptosis promotion, enhancement sensitivity to chemotherapy and angiogenesis inhibition[@bib16], [@bib17], [@bib18], [@bib19]. Up to now, four HDACi, namely vorinostat (**1**, SAHA), romidepsin (**2**, FK228), belinostat (**3**, PXD-101), and panobinostat (**4**, LBH589), have been approved by U.S. Food and Drug Administration (FDA), and chidamide (**5**) was marketed in China for the treatment of hematologic cancer ([Fig. 1](#fig1){ref-type="fig"}A)[@bib20], [@bib21], [@bib22], [@bib23]. However, clinical studies of HDACi for the treatment of solid tumors were still disappointing[@bib24]. Recent evidence showed that HDACi sensitized cancer cells when used in combination with various antitumor agents (*e.g.*, DNA damaging agents and antimicrotubule agents), leading to synergistic cell apoptosis and improvement of therapeutic efficacy[@bib25]. Thus, intensive interests have been focused on the design of HDAC-based multifunctional molecules to simultaneously interact with multiple targets in order to achieve superior efficacy and reduced side effects[@bib26]^,^[@bib27]. Among these targets, topoisomerase (TOP1 and/or TOP2) is a good starting point for multi-targeting drug design because the isoforms HDAC1-2 and TOP2 were co-localized in functional complexes[@bib28]^,^[@bib29].Figure 1(A) Chemical structures of approved HDAC inhibitors and their pharmacophore; (B) chemical structures of evodiamine and its potent derivatives; (C) design rationale of HDAC/TOP dual inhibitors.Figure 1

Evodiamine (**6**, [Fig. 1](#fig1){ref-type="fig"}B) is a quinazolinocarboline alkaloid isolated from traditional Chinese herb Evodiae Fructus with diverse biological activities such as antitumor and anti-inflammatory efficacy[@bib30]^,^[@bib31]. In our previous studies, systemic structure--activity relationship (SAR) studies of evodiamine were performed and several highly active derivatives (compounds **7** and **8**, [Fig. 1](#fig1){ref-type="fig"}B) with excellent antitumor potency were identified[@bib32], [@bib33], [@bib34], [@bib35]. Antitumor mechanism studies indicated that evodiamine and its derivatives were dual TOP1/TOP2 inhibitors. Based on the synergistic effect between TOP and HDAC inhibitors, a series of evodiamine--SAHA hybrids were designed and synthesized in our previous studies ([Fig. 1](#fig1){ref-type="fig"}C), in which compound **9** was confirmed to be a triple inhibitor of TOP1/2 and HDAC with good antitumor activity and remarkable pro-apoptotic effect[@bib36]. This study validated the effectiveness of evodiamine-based bifunctional inhibitors as novel antitumor agents. However, poor *in vivo* antitumor efficacy of compound **9** limited its further development. In order to design new evodiamine-based HDAC/TOP dual inhibitors with improved *in vivo* antitumor potency, herein we designed and synthesized a series of novel evodiamine derivatives ([Fig. 1](#fig1){ref-type="fig"}C). Interestingly, they were proven to be selective dual HDAC1/TOP2 inhibitors with excellent *in vitro* and *in vivo* antitumor efficacy.

2. Results and discussion {#sec2}
=========================

2.1. Design rationale {#sec2.1}
---------------------

Generally, the pharmacophore of typical HDACi can be divided into three parts: a zinc-binding group (ZBG, *ortho*-aminobenzamide or hydroxamic acid), a recognition cap group and a hydrophobic linker ([Fig. 1](#fig1){ref-type="fig"}A). Previously, evodiamine-based TOP/HDAC inhibitors were designed by attaching the ZBG at the C3-amino of compound **7** through various linkers ([Fig. 1](#fig1){ref-type="fig"}C). It was reported that the introduction of side chain at the C7 position was favorable for developing potent evodiamine derivatives[@bib37]^,^[@bib38]. Inspired by these results, a series of novel evodiamine derivatives, characterized by bearing various linkers and ZBGs at the C7 (compounds **20a, 20b**, **25a, 25b**, **30a, 30b**, **32** and their epimers) were designed, synthesized and assayed. Moreover, ZBG-containing side chains were also introduced at the C10 and N14 position of evodiamine (compounds **37** and **46**, Supporting Information [Schemes S1 and S2](#appsec1){ref-type="sec"}) to investigate the effect of connection position on the activity.

2.2. Chemistry {#sec2.2}
--------------

The chemical synthesis of the target compounds containing C7 substituted linkers and ZBGs is described in [Scheme 1](#sch1){ref-type="fig"}, and the compounds bearing linkers and ZBGs on C10 and N14 position (compounds **37** and **46**) were depicted in [Schemes S1 and S2](#appsec1){ref-type="sec"}. As shown in [Scheme 1](#sch1){ref-type="fig"}, starting from [l]{.smallcaps}-tryptophan ethyl ester hydrochloride (**11**) and **12**, the key intermediate **17a** was synthesized *via* five steps according to the literature procedures, with C13 b *S* configuration of **17a** as the main product[@bib39]. Then, compounds **20a** and **20b** were prepared *via* the condensation and ammonolysis reaction. Using the similar protocol, compounds **25a**, **25b**, **30a**, **30b** and **32** were prepared. The enantiomeric compounds of **20a**, **20b**, **25a**, **25b**, **30a** and **32** were synthesized by using the [d]{.smallcaps}-tryptophan ethyl ester hydrochloride as the starting material (*ent***-20a**, *ent***-20b**, **25a**, **25b**, **30a** and **32**).Scheme 1Synthesis of target compounds. Reagents and conditions: (a) pyridine, NaHCO~3~, 12 h, 44%--57%; (b) HCOOH, (Ac)~2~O, THF, 2 h, 56%--76%; (c) dioxane, HCl, 6 h; (d) pyridine, reflux, 8 h, 78%--86%, over two steps; (e) LiOH, THF, H~2~O, reflux, 4 h, 88%--95%; (f) DIPEA, HATU, DMF, 4 h, 66%--79%; (g) NH~2~OK, anhydrous CH~3~OH, 1 h, 56%--85%; (h) 50% TFA in dry CH~2~Cl~2~, r.t., 2 h, 53%--65%; (i) NH~2~OCPh~3~, DIPEA, HATU, DMF, 4 h, 46%--68%; (j) BF~3~⋅Et~2~O, dry CH~2~Cl~2~, r.t., 2 h, 38%--56%.Scheme 1

2.3. In vitro HDAC1 inhibition {#sec2.3}
------------------------------

Initially, the inhibitory activity of target compounds against human recombinant HDAC1 enzyme was tested using the method previously described by Bradner et al.[@bib40] Compound **1** was used as the reference drug. As depicted in [Table 1](#tbl1){ref-type="table"}, most of compounds bearing C7 substitutions exhibited good to excellent inhibitory activity toward HDAC1, while the compounds containing C10 or N14 substitutions almost lost the HDAC1 inhibitory activity ([Supporting Information Table S1](#appsec1){ref-type="sec"}), suggesting that substitutions on C7 position were more favorable than that of on C10 and N14 position. More specifically, for the compounds containing alkyl linkers, compounds **20a** and **20b** bearing five or six methylene showed nanomolar inhibitory activity against HDAC with the IC~50~ value of 27 and 53 nmol/L, respectively. Compounds **25a**, **25b**, *ent***-25a** and *ent***-25b** with *N*-hydroxycinnamamide moiety showed slightly decreased inhibitory activity. Furthermore, compounds containing the *ortho*-aminoanilide ZBG exhibited weaker potency than those with hydroxyamic acid (**30a** *vs.* **32**). Moreover, the introduction of 3-fluoro group on compound **30a** led to decreased activity. Interestingly, 7*R*,13b*R*-enantiomers seemed to be slightly more active than the 7*S*,13b*S-*enantiomers.Table 1*In vitro* HDAC1 inhibition and antitumor activity of target compounds.Table 1Compd.C7 Config.C13b Config.IC~50~ (nmol/L)HDAC1HCT116MCF-7A549**20a***SS*27 ± 2.37.2 ± 0.5215 ± 2.527 ± 2.1*ent***-20a***RR*13 ± 1.410 ± 1.19.7 ± 8.019 ± 1.8**20b***SS*53 ± 4.511 ± 1.3\>50\>50*ent***-20b***RR*15 ± 1.216 ± 1.734 ± 3.5\>50**25a***SS*89 ± 6.20.63 ± 0.523.0 ± 0.2510 ± 1.2*ent***-25a***RR*18 ± 1.60.53 ± 0.451.6 ± 0.142.8 ± 0.22**25b***SS*31 ± 2.30.52 ± 0.362.2 ± 0.1815 ± 1.4*ent***-25b***RR*10 ± 0.63.1 ± 0.2812 ± 1.520 ± 2.4**30a***SS*160 ± 151.6 ± 0.1518 ± 2.07.8 ± 0.65*ent***-30a***RR*22 ± 2.12.9 ± 2.017 ± 1.85.4 ± 0.48**30b***SS*180 ± 202.4 ± 0.22\>507.9 ± 0.68**32***SS*260 ± 242.2 ± 0.1813 ± 1.411 ± 1.2*ent***-32***RR*10 ± 0.81.6 ± 0.135.3 ± 0.5012 ± 1.5**1**----39 ± 2.63.7 ± 0.304.8 ± 0.414.9 ± 0.45**6**------\>100\>50\>50**1** + **6** (1:1)------2.8 ± 0.543.5 ± 0.323.7 ± 0.24[^1]

2.4. TOP inhibitory activity {#sec2.4}
----------------------------

Previously, evodiamine and its derivatives were identified as TOP1/TOP2 dual inhibitors by biological assays in combination with computational target prediction calculations[@bib32]^,^[@bib33]. Herein, we investigated the TOP inhibitory activity of the target compounds using TOP1- and TOP2-mediated pBR322 DNA relaxation assays ([Fig. 2](#fig2){ref-type="fig"}). Camptothecin (CPT, a TOP1 inhibitor) and etoposide (Eto, a TOP2 inhibitor) were used as the reference drugs. Treatment of DNA with TOP1 led to an extensive DNA relaxation ([Fig. 2](#fig2){ref-type="fig"}A, lane 2) and addition of CPT resulted in an obviously supercoiled DNA accumulation ([Fig. 2](#fig2){ref-type="fig"}A, lane 3). Unexpectedly, no supercoiled DNA bands were observed for the tested compounds ([Fig. 2](#fig2){ref-type="fig"}A, lanes 4--10) at the concentration of 100 μmol/L, indicating that they lost inhibitory activity against TOP1. As depicted in [Fig. 2](#fig2){ref-type="fig"}B and C, compounds containing alkyl linkers (**20a, 20b** and their epimers) were also inactive against TOP2 at the concentration of 100 μmol/L (lanes 5 and 6). Instead, compounds with aromatic ring linkers (**25a, 25b**, **30a**, **32** and their epimers) showed remarkable TOP2 inhibitory activities at the concentration of 100 μmol/L ([Fig. 2](#fig2){ref-type="fig"}B, lanes 7--10, and [Fig. 2](#fig2){ref-type="fig"}C, lanes 4--10) and 50 μmol/L ([Supporting Information Fig. S1](#appsec1){ref-type="sec"}). Similarly, compounds **37** and **46** showed inhibitory activity against TOP2 at 50 μmol/L ([Supporting Information Fig. S2](#appsec1){ref-type="sec"}).Figure 2Effect of the target compounds on TOP relaxation activity. (A) TOP1 relaxation activity of compounds at the concentration of 100 μmol/L. Lane 1, supercoiled plasmid DNA; lane 2, DNA + TOP1; lane 3, DNA + TOP1+CPT; lanes 4--10, DNA + TOP1+target compounds (**17a**, **20a**, **20b**, **25a**, **25b**, **32** and **30a**). (B) TOP2 relaxation activity of compounds at the concentration of 100 μmol/L. Lane 1, supercoiled plasmid DNA; lane 2, DNA + TOP2; lane 3, DNA + TOP2+Eto; lanes 4--10, DNA + TOP2+compounds (**17a**, **20a**, **20b**, **25a**, **25b**, **30a** and **32**). (C) Lanes 1--3 are equally as the (B); lanes 4--10, DNA + TOP2+compounds (*ent***-20a,***ent***-20b**, *ent***-25a,***ent***-25b**, *ent***-30a**, *ent***-32** and **30b**).Figure 2

2.5. In vitro cell viability assay {#sec2.5}
----------------------------------

Antiproliferative activities of the target compounds were tested against human cancer cell lines HCT116 (colon cancer), MCF-7 (breast cancer) and A549 (lung cancer) by CCK8 assays, using compounds **1** and **6** as the positive controls. From the results listed in [Table 1](#tbl1){ref-type="table"}, the majority of the compounds bearing linkers and ZBGs at C7 position of evodiamine skeleton showed moderate to good antitumor activity. In general, HCT116 cell line exhibited more sensitive to the target compounds than A549 and MCF-7 cell lines, with the IC~50~ values in the range of 0.52--16 μmol/L. For the compounds bearing long alkyl chain as the linker, the antiproliferative activity was changed with the length of the carbon chain (**20a**, **20b**, *ent***-20a** and *ent***-20b**). Compounds with seven methylene units (**20a** and *ent***-20a**) only showed moderate antitumor potency against the three tested cell lines (IC~50~ range: 7.2−27 μmol/L). Shortening linker length to six methylene units (**20b** and *ent***-20b**) resulted in decrease or even loss of anticancer activity. Besides, the 7*S*,13b*S*-evodiamine derivatives seemed to be more active than their corresponding epimers (**20a** *vs. ent***-20a**, **20b** *vs. ent***-20b**). When the alkyl chains were replaced by cinnamide, antitumor activities of compounds **25a**, **25b**, *ent***-25a** and *ent***-25b** were significantly improved. In particular, compounds **25a**, **25b**, and *ent***-25a** showed the best antitumor activities against the HCT116 cell line, which were much more potent than positive controls **1**, **6** and their combination. Compounds bearing *ortho*-aminoanilide ZBG maintained potent antitumor activity against HCT116 (**30a**, IC~50~ = 1.6 μmol/L), whereas its 3-fluoro derivative (**30b**, IC~50~ = 3.6 μmol/L) was less active. In contrast, C10 and N14 substituted compounds (**37** and **46**) were inactive against the three tested cancer cell lines ([Table S1](#appsec1){ref-type="sec"}).

On the basis of the HDAC and TOP inhibitory activity, antitumor potency and structural diversity, compounds **25a** and **30a** were chosen for further antitumor evaluations. First, they were assayed for inhibitory activity against hematological cell lines (HL60, K562 and HEL). The results indicated that compounds **25a** (IC~50~ range: 0.34--1 μmol/L) and **30a** (IC~50~ range: 0.56--1.9 μmol/L) exhibited potent antiproliferative activity toward hematological cell lines ([Supporting Information Table S2](#appsec1){ref-type="sec"}). Second, their inhibitory activity against human normal cell line HUVEC was determined. Both of them showed low cytotoxicity and compound **30a** (IC~50~ = 48 μmol/L) was highly selective between human cancer and normal cell lines ([Table S2](#appsec1){ref-type="sec"}).

2.6. Preliminary *in vivo* antitumor activity of compounds **25a** and **30a** {#sec2.6}
------------------------------------------------------------------------------

To evaluate the *in vivo* antitumor effects of compounds **25a** and **30a**, a subcutaneous HCT116 xenograft model was established in BALB/c nude mice, using compound **1** as the positive control. Female BABL/c nude mice were inoculated subcutaneously with 400 × 10^4^ HCT116 colon cancer cells per mouse. After two weeks later (tumor volumes reaching to about 100 mm^3^), mice were divided randomly into four groups (five mice per group) and were administered with vehicle, **25a** (20 mg/kg, bid), **30a** (20 mg/kg, bid), and compound **1** (20 mg/kg, bid) by intraperitoneal injection (i.p.) for 14 consecutive days, respectively. The changes in body weight and tumor size were measured every three days during the treatment. As shown in [Fig. 3](#fig3){ref-type="fig"}, compound **30a** exhibited excellent tumor growth inhibition (TGI = 63.6%), which was much more effective than compound **1** (TGI = 32.4%). In contrast, compound **25a** was totally inactive (TGI = 2.2%). To explain why compounds **25a** and **30a** had different *in vivo* antitumor activities, the *in vitro* metabolic stabilities were investigated by liver microsome assay. As depicted in [Table 2](#tbl2){ref-type="table"} and Supporting Information [Fig. S3](#appsec1){ref-type="sec"}, the terminal half-life (*t*~1/2~) of compound **30a** was 34.95 min, which was almost 3-fold longer than that of compound **25a** (*t*~1/2~ = 9.86 min). Based on the *in vivo* results, compound **30a** was chosen for further biological evaluations.Figure 3Preliminary *in vivo* anticancer activity of compounds **25a** and **30a**. (A) Antitumor potency of compounds **25a** and **30a** in the HCT116 xenograft models implanted in BALB/c nude mice. Data were expressed as means ± SEM (*n* = 5 per group). ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, determined with Student\'s *t* test. (B) The change of body weight during the test.Figure 3Table 2The mice microsomal stability of compounds **25a** and **30a**.Table 2Compd.Species*t*~1/2~[a](#tbl2fna){ref-type="table-fn"} (min)CL[b](#tbl2fnb){ref-type="table-fn"} (mL/min/mg)**25a**Mice9.86NA**30a**Mice34.950.0391[^2][^3]

2.7. In vitro HDAC isoform selectivity and cellular HDAC1 inhibition of compound **30a** {#sec2.7}
----------------------------------------------------------------------------------------

To investigate the HDAC isoform selectivity, compound **30a** was examined against representative HDAC isoforms. As depicted in [Table 3](#tbl3){ref-type="table"}, compound **30a** showed the best inhibitory potency against HDAC1 (IC~50~ = 0.16 μmol/L). In contrast, it exhibited relatively weak HDAC2, 3, 4, 6, 8, 10, and 11 inhibitory activity (IC~50~ range: 5.5 to \>100 μmol/L). Furthermore, evaluation of cellular HDAC1 inhibition of compound **30a** was performed. HCT116 cells were treated with compound **30a** at the concentrations of 0.5 and 5 μmol/L for 24 h. Compound **1** at the same concentration or vehicle (DMSO) was employed as the controls. As shown in [Fig. 4](#fig4){ref-type="fig"}, compound **30a** exhibited the hyperacetylation effect of histone 3 and 4 (Acetyl-H3 and Acetyl-H4) in a dose-dependent manner.Table 3HDAC isoform profiling of compound **30a**.Table 3IsoformHDAC classIC~50~ (μmol/L)HDAC1I0.16 ± 0.015HDAC2I10 ± 1.4HDAC3I27 ± 4.8HDAC4IIa\>100HDAC6IIb\>100HDAC8I\>100HDAC10IIb5.5 ± 1.5HDAC11IV\>100[^4]Figure 4Western blot probing for acetylated histones H3 and H4 in HCT116 cells treated with compounds **1** and **30a**. \**P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 *vs.* control group, determined with Student\'s *t* test. Data were expressed as mean ± SD (*n* = 3).Figure 4

2.8. DNA damage effects of compound **30a** {#sec2.8}
-------------------------------------------

Due to the TOP2--DNA cleavage complex stabilization effect of compound **30a** in TOP2-mediated pBR322 DNA relaxation assays, we investigated the DNA damage effect of compound **30a** by measuring the expression of *γ*H2AX using Western blot[@bib41]. As shown in Supporting Information [Fig. S4](#appsec1){ref-type="sec"}, after the treatment with compounds **1**, **6** and **30a** at concentrations of 0.5 and 5 μmol/L for 24 h, compound **30a** increased the expression of *γ*H2AX in HCT116 cells. In contrast, incubation with compounds **1** and **6** led to no increase of the expression of *γ*H2AX. The results indicated that compound **30a** might exhibit cellular damage activity through inhibiting the TOP2 activity, while compounds **1** and **6** had no such effect.

2.9. Modeling studies of compound **30a** with HDAC1 and TOP2α {#sec2.9}
--------------------------------------------------------------

To determine the binding mode of compound **30a** with HDAC1 (PDB ID: 4BKX)[@bib42] and TOP2*α* (PDB ID: 5GWK)[@bib43], molecular docking study was performed. As shown in [Fig. 5](#fig5){ref-type="fig"}A, the ZBG and evodiamine skeleton of compound **30a** formed main interactions with HDAC1. The terminal NH~2~ group was found to form two hydrogen bonds with His140 and His141, respectively. The NH group on the *N*-(2-aminophenyl)benzamide moiety formed another hydrogen bond with Gly149. More importantly, both of the phenyl group and carbonyl group on the *N*-(2-aminophenyl)benzamide moiety formed coordination interactions with Zn^2+^, and the carbonyl group formed a hydrogen bond with Tyr303. Besides, *π--π* interactions were observed between the indole moiety (rings A and B) of the evodiamine skeleton and the residues of Phe150 and Phe205, and the 13-NH group formed a hydrogen bond with Asp99. As for TOP2*α*, compound **30a** bound to the TOP2*α*-DNA cleavage site ([Fig. 5](#fig5){ref-type="fig"}B). The NH~2~ group and the NH group in the *N*-(2-aminophenyl)benzamide moiety formed a hydrogen bond with the DNA, respectively. Besides, the *π--π* interactions between the phenyl group on the *N*-(2-aminophenyl)benzamide moiety and Arg487 was observed. The quinazoline moiety in the evodiamine skeleton was found to form additional *π--π* interactions with the adenine base of DNA.Figure 5Molecular docking of compound **30a** in the active site of HDAC1 (PDB ID: 4BKX, A) and TOP2*α*-DNA cleavage site (PDB ID: 5GWK, B). Hydrogen bonds are indicated with dashed lines. The carbons of compound **30a** are colored in purple, nitrogen atoms in blue, and oxygen atoms in red.Figure 5

2.10. Compound **30a** induces apoptosis in HCT116 cells {#sec2.10}
--------------------------------------------------------

To determine whether compound **30a** could induce cancer cell apoptosis, flow cytometry analysis and FITC-annexin V/propidium iodide (PI) assay were performed, and the percentages of apoptotic cells were evaluated. HCT116 cells were incubated with the test compounds (**1** or **30a**) at the concentrations of 0.5, 1 and 5 μmol/L. As shown in [Fig. 6](#fig6){ref-type="fig"}, compound **30a** significantly induced the apoptosis in HCT116 cells in a dose-dependent manner. After calculating the apoptotic cells treated with compound **30a**, the percentage were 27.6%, 37.1%, and 88.8%, respectively, which were much higher than compound **1** at the same concentration (18.3%, 39.8% and 71.4%, respectively, *P* \< 0.05), indicating the notable cellular potency of compound **30a**.Figure 6Compound **30a** induced HCT116 cell apoptosis *in vitro*. HCT116 cells were treated with different concentrations of compounds **1** and **30a** for 48 h, followed by flow cytometry. Data were expressed as mean ± SD (*n* = 3).Figure 6

2.11. Compound **30a** arrests the HCT116 cell cycle at the G2/M phase {#sec2.11}
----------------------------------------------------------------------

To investigate the effect of compound **30a** on cell cycle progression in HCT116 cells, the flow cytometric assay was performed, using equivalent DMSO and compound **1** as the control ([Fig. 7](#fig7){ref-type="fig"}). After incubating with compound **30a** at 0.5, 1 and 2 μmol/L, the ratios of cells at the G2/M phase were changed dramatically (32.9%, 36.4% and 38.8%, respectively). Besides, the ratios of cells exposed to compound **1** at G2/M phase of cell cycle were 17.9%, 20.1% and 38.9%, respectively. Instead, the ratios of HCT116 cells incubated with vehicle at the G2/M phase were 10.8%. Compared to the control population, compound **30a** significantly arrested the HCT116 cell cycle at the G2/M phase.Figure 7Compound **30a** arrests cell cycle at the G2/M Phase. HCT116 cells exposed to compound **30a** (0.5, 1 and 2 μmol/L) for 48 h were examined by flow cytometry assay. Cells incubated with compound **1** were used as the control group. Data were expressed as mean ± SD (*n* = 3). ^\*\*\*^*P* \< 0.001, determined with Student\'s *t* test.Figure 7

2.12. Preliminary pharmacokinetic profiles of compound **30a** {#sec2.12}
--------------------------------------------------------------

Due to its good HDAC1/TOP2 inhibitory activity and potent antitumor efficacy, compound **30a** was progressed into an *in vivo* pharmacokinetic study in Sprague−Dawley (SD) rats. As shown in [Fig. 8](#fig8){ref-type="fig"}, the half-life of compound **30a** was more than 24 h when administered i.p. at 20 mg/kg. In contrast, when it was orally administered (*p.o.*) at 20 mg/kg, the half-life was reduced to 4.03 h. The area under the curve (AUC) of compound **30a** under i.p. or *p.o*. administration was 86,924.27 and 485.04 h⋅ng/mL, respectively.Figure 8PK parameters of compound **30a** under i.p. administration (A) and (B), and *p.o*. administration (C) and (D).Figure 8

2.13. In vivo antitumor activity of compound **30a** {#sec2.13}
----------------------------------------------------

Due to the suitable half-life of **30a**, it was feasible to examine the antitumor activity orally. We established a HCT116 xenograft BALB/c nude mice model to evaluate the *in vivo* antitumor potency of compound **30a**. Compound **30a** was administrated orally (100 or 150 mg/kg, bid) over 21 days. Compounds **1** (150 mg/kg, bid), **6** (150 mg/kg, bid) and their combination were used as reference drugs. The changes in body weights and tumor volumes were monitored every three days during the treatment. As shown in [Fig. 9](#fig9){ref-type="fig"}, treatment with compound **30a** (150 mg/kg, bid) led to significant tumor growth inhibition (TGI = 75.2%), which was much more potent than compounds **1** (TGI = 40.81%), **6** (TGI = 45.53%) and their combination (TGI = 54.5%). Importantly, even at lower dosage (100 mg/kg, bid), compound **30a** still exhibited potent *in vivo* antitumor efficacy (TGI = 65.42%). Moreover, there was no significant difference in body weight during the test, suggesting a low toxicity of compound **30a**. The *in vivo* studies clearly demonstrated that the evodiamine-based dual HDAC1/TOP2 inhibitors **30a** possessed excellent therapeutic advantages over single HDAC inhibitor and TOP inhibitor.Figure 9Compound **30a** suppressed tumor growth *in vivo*. (A) The efficacy of compound **30a** in an implanted HCT116 xenograft model. Data were expressed as mean ± SEM (*n* = 5 per group). \**P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, determined with Student\'s *t* test. (B) Tumor weight. (C) Picture of dissected tumor tissue. (D) Body weight of the BALB/c nude mice in HCT116 xenograft model.Figure 9

3. Conclusions {#sec3}
==============

In summary, a series of novel evodiamine-based HDAC1/TOP2 dual inhibitors were designed and synthesized. Among them, compound **30a** exhibited excellent *in vitro* and *in vivo* antitumor efficacy. It effectively induced the apoptosis with a G2/M cell cycle arrest in HCT116 cells. Importantly, compound **30a** was superior to HDAC inhibitor **1**, TOP inhibitor **6** and their combination *in vivo* antitumor potency in HCT116 bearing xenograft models (TGI = 75.2%, 150 mg/kg, *p.o*., bid) with no significant toxicity. These studies highlighted the therapeutic potential of selective HDAC1/TOP2 dual inhibitors for the treatment of colon cancer. Also, the design of multi-targeting inhibitors provided a promising approach to improve the *in vivo* activity for evodiamine derivatives. Further structural optimizations of **30a** will be focused on improving the oral bioavailability and *in vivo* antitumor potency.

4. Experimental {#sec4}
===============

4.1. Chemistry {#sec4.1}
--------------

### 4.1.1. Materials and instruments {#sec4.1.1}

All starting materials and solvents were obtained commercially from Aladdin (Shanghai, China) and Sigma−Aldrich (Darmstadt, Germany) without further purification. The Bruker AVANCE300, AVANCE500, or AVANCE600 spectrometers (Bruker Company, Leipzig, Germany) were applied to record ^1^H NMR and ^13^C NMR spectra, using TMS as an internal standard and DMSO-*d*~6~ as solvents. Chemical shifts are reported in *δ* unit (ppm). Mass spectra (MS) were recorded on an Esquire 3000 LC−MS mass spectrometer (Bruker Company, Leipzig, Germany). Silica gel TLC was performed to monitor reactions using silica gel GF-254 (Haiyang Chemical, Qingdao, China) and visualized under UV light at 254 and 365 nmol/L. Purity of the compounds was determined by HPLC analysis (Agilent Technologies 1260 Infinity, Palo Alto, USA). The conditions were: mobile phase: methanol/aqueous solution=60:40; rate: 0.8 mL/min; wavelength: 254 nmol/L; pressure: 75−134 kg; temperature: 25 °C. All compounds were of \>98% purity.

### 4.1.2. Synthesis procedures {#sec4.1.2}

#### 4.1.2.1. (7S,13bS)-N-(7-(Hydroxyamino)-7-oxoheptyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**20a**) {#sec4.1.2.1}

Compound **17a** was synthesized *via* five steps according to the literature procedures[@bib38]. To a solution of compound **17a** (0.1 g, 0.26 mmol) in 5 mL anhydrous DMF was added DIPEA (99 μL, 0.52 mmol), HATU (0.16 g, 0.28 mmol) and compound **18a** (0.07 g, 0.26 mmol), and the reaction mixture was stirred at room temperature for 4 h. Then, the resulting solution was poured into ice water and extracted with EtOAc. The organic phase was combined and dried with Na~2~SO~4~ and concentrated. The residue was purified by column chromatography hexane/EtOAc = 2:1 to give intermediate **19a** (0.09 g, 68%) as off-white solid. To a freshly prepared hydroxylamine solution in anhydrous MeOH was compound **19a** (0.09 g, 0.2 mmol). The reaction mixture was stirred at room temperature for 1 h, and MeOH was evaporated under reduced pressure. The residue was adjusted to pH 7 with acetic acid. After filtration, the filtrate was dried to give compound **20a** as off-white solid (Yield: 51%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.35 (s, 1H), 10.28 (s, 1H), 8.62 (s, 1H), 7.97 (t, *J* = 5.76 Hz, 1H), 7.92 (dd, *J* = 1.22, 7.93 Hz, 1H), 7.56 (t, *J* = 7.62 Hz, 1H), 7.49 (d, *J* = 7.93 Hz, 1H), 7.37 (d, *J* = 7.93 Hz, 1H), 7.24 (d, *J* = 7.93 Hz, 1H), 7.17 (t, *J* = 7.32 Hz, 1H), 7.13 (t, *J* = 7.32 Hz, 1H), 7.03 (t, *J* = 7.32 Hz, 1H), 6.18 (s, 1H), 5.34 (d, *J* = 5.93 Hz, 1H), 3.37 (d, *J* = 15.52 Hz, 1H), 3.17 (s, 1H), 3.10 (dd, *J* = 5.94, 15.44 Hz, 1H), 2.88--2.91 (m, 2H), 2.51 (s, 3H), 1.84 (t, *J* = 7.38 Hz, 2H), 1.28--1.34 (m, 2H), 1.18--1.24 (m, 3H), 1.00--1.04 (m, 4H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.38, 169.00, 164.10, 150.55, 136.80, 133.20, 128.30, 127.99, 125.62, 122.25, 122.00, 121.92, 120.66, 118.85, 118.21, 111.52, 108.77, 67.72, 52.89, 38.51, 35.59, 32.15, 28.83, 28.19, 25.72, 24.87, 23.64. ESI-MS (*m*/*z*): 490.58 \[M+H\]^+^.

Compounds **20b**, *ent***-20a** and *ent***-20b** were obtained from a similar protocol described for compound **20a**.

#### 4.1.2.2. (7S,13bS)-N-(6-(Hydroxyamino)-6-oxohexyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**20b**) {#sec4.1.2.2}

Off-white solid (Yield: 41%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.34 (s, 1H), 10.25 (s, 1H), 7.98 (t, *J* = 5.70 Hz, 1H), 7.91 (dd, *J* = 1.36, 7.88 Hz, 1H), 7.55 (t, *J* = 7.61 Hz, 1H), 7.49 (d, *J* = 8.15 Hz, 1H), 7.36 (d, *J* = 8.15 Hz, 1H), 7.23 (d, *J* = 8.15 Hz, 1H), 7.18 (t, *J* = 7.61 Hz, 1H), 7.12 (t, *J* = 7.61 Hz, 1H), 7.02 (t, *J* = 7.61 Hz, 1H), 6.17 (s, 1H), 5.33 (d, *J* = 4.89 Hz, 1H), 3.09--3.11 (m, 1H), 2.85--2.91 (m, 2H), 2.50 (s, 3H), 1.78 (t, *J* = 7.49 Hz, 1H), 1.27--1.32 (m, 2H), 1.18--1.23 (m, 2H), 0.98--1.02 (m, 2H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.50, 169.21, 164.27, 150.44, 136.68, 133.24, 128.36, 127.93, 125.57, 122.27, 121.99, 121.84, 120.57, 118.90, 118.26, 108.72, 67.81, 52.92, 38.51, 35.51, 32.06, 28.60, 25.68, 24.66, 23.65. ESI-MS (*m*/*z*): 476.49 \[M+H\]^+^.

#### 4.1.2.3. (7S,13bS)-N-(4-((E)-3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**25a**) {#sec4.1.2.3}

Intermediate **22a** was obtained from the similar protocol described for compound **19a**. To a solution of compound **22a** (0.1 g, 0.18 mmol) in CH~2~Cl~2~ (2 mL) was added TFA (2 mL), and the reaction mixture was stirred at room temperature for 2 h. After the reaction, the resulting mixture was concentrated, and the residue was adjusted to pH 4 with NaHCO~3~ solution. The precipitate was filtered and dried to afford the intermediate **23a** as yellow solid (0.07 g, Yield: 78%). Intermediate compound **23a** (0.07 g, 0.14 mmol) was dissolved in anhydrous DMF (5 mL), and Ph~3~ONH~2~ (0.05 g, 0.17 mmol), DIPEA (46 μL, 0.28 mmol) and HATU (0.06 g, 0.17 mmol) were added, and the solution was stirred at room temperature for 4 h. After the reaction, the resulting mixture was poured into ice water (40 mL) and filtered. The precipitate was dried and purified by column chromatography (hexane/EtOAc = 2:1) to give intermediate **24a** (0.06 g, 57%) as a yellow solid. ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.44 (s, 1H), 10.43 (s, 1H), 7.95 (dd, *J*~1~ = 7.77 Hz, *J*~2~ = 1.37 Hz, 1H), 7.61 (t, *J* = 7.77 Hz, 1H), 7.54 (d, *J* = 8.17 Hz, 1H), 7.51 (d, *J* = 8.17 Hz, 1H), 7.30--7.40 (m, 15H), 7.21 (t, *J* = 6.66 Hz, 1H), 7.15 (t, *J* = 7.27 Hz, 1H), 7.03 (t, *J* = 7.27 Hz, 1H), 6.25 (s, 1H), 5.59 (d, *J* = 7.87 Hz, 1H), 4.28 (t, *J* = 6.98 Hz, 1H), 3.44 (d, *J* = 15.63 Hz, 1H), 2.58 (s, 3H). ESI-MS (*m*/*z*): 748.26 \[M--H\]^−^. To a stirred solution of compound **24a** (0.06 g, 0.08 mmol) in CH~2~Cl~2~ (4 mL) was added dropwise a solution of BBr~3~⋅Et~2~O (0.1 mL) at room temperature for 2 h. After the reaction, solvent was evaporated *in vacuo*, and the resultant residue was washed with brine and filtrated. The filtrate was collected and dried to give target compound **25a** as yellow solid (Yield: 74%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.45 (s, 1H), 10.67 (s, 1H), 10.46 (s, 1H), 7.95 (d, *J* = 6.31 Hz, 1H), 7.61 (t, *J* = 7.84 Hz, 1H), 7.55 (d, *J* = 8.68 Hz, 3H), 7.46 (d, *J* = 8.68 Hz, 2H), 7.41 (d, *J* = 8.13 Hz, 1H), 7.36 (d, *J* = 15.35 Hz, 1H), 7.31 (d, *J* = 7.86 Hz, 1H), 7.22 (t, *J* = 7.31 Hz, 1H), 7.04 (t, *J* = 7.31 Hz, 1H), 6.34 (d, *J* = 15.35 Hz, 1H), 6.27 (s, 1H), 5.61 (d, *J* = 6.58 Hz, 1H), 2.59 (s, 3H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.35, 164.71, 150.81, 139.79, 137.86, 136.83, 133.49, 129.75, 128.29, 128.11, 127.99, 127.69, 127.50, 125.50, 122.46, 122.09, 121.61, 120.94, 119.05, 118.93, 118.32, 117.35, 111.59, 107.95, 68.02, 53.43, 35.48, 23.64. ESI-MS (*m*/*z*): 508.56 \[M+H\]^+^. HPLC purity: 96.5%.

Compounds **25b**, **32**, *ent-***25a**, *ent-***25b** and *ent-***32** were obtained from to a similar protocol described for compound **25a**.

#### 4.1.2.4. (7S,13bS)-N-(3-((E)-3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**25b**) {#sec4.1.2.4}

Yellow solid (Yield: 87%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.44 (s, 1H), 10.64 (s, 1H), 10.45 (s, 1H), 7.92 (d, *J* = 7.86 Hz, 1H), 7.58 (t, *J* = 8.42 Hz, 1H), 7.52 (d, *J* = 7.86 Hz, 3H), 7.42 (d, *J* = 8.42 Hz, 2H), 7.28 (d, *J* = 7.35 Hz, 2H), 7.23 (t, *J* = 7.35 Hz, 1H), 7.19 (d, *J* = 7.70 Hz, 2H), 7.12 (t, *J* = 7.35 Hz, 2H), 7.00 (t, *J* = 7.41 Hz, 1H), 6.3 (d, *J* = 16.17 Hz, 1H), 6.23 (s, 1H), 5.57 (d, *J* = 6.96 Hz, 1H), 2.55 (s, 3H), 1.22 (s, 1H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.34, 164.67, 150.76, 147.67, 143.76, 128.96, 128.31, 127.73, 127.51, 126.64, 126.20, 125.52, 122.48, 122.12, 121.59, 120.96, 119.08, 118.37, 111.57, 107.90, 80.60, 68.05, 55.79, 35.44, 28.86, 23.70. ESI-MS (*m*/*z*): 508.46 \[M+H\]^+^.

#### 4.1.2.5. (7S,13bS)-N-(4-((2-Aminophenyl)carbamoyl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**30a**) {#sec4.1.2.5}

Intermediate **27a** was obtained from a similar protocol described for compound **19a**. To a solution of compound **27a** (0.25 g, 0.48 mmol) in CH~2~Cl~2~ (2 mL) was added TFA (2 mL), and the reaction mixture was stirred at room temperature for 2 h. After the reaction, solvent was evaporated under reduced pressure, and the resultant residue was adjusted to pH 4 with NaHCO~3~ solution and filtrated. The precipitate was collected and washed with water and dried to yield intermediate **28a** (0.18 g, Yield: 80%) as yellow solid. Intermediate compound **28a** (0.17 g, 0.15 mmol) was dissolved in anhydrous DMF (5 mL), and DIPEA (52 μL, 0.3 mmol), HATU (0.07 g, 0.18 mmol) and *o*-phenylenediamine (0.02 g, 0.18 mmol) were added. The reaction mixture was stirred at room temperature for 4 h. After the reaction, the resulting mixture was poured into ice water and extracted with EtOAc. The organic layers were combined and concentrated. The residue was purified by column chromatography (hexane/EtOAc = 1:1) to give compound **30a** (0.03 g, Yield: 35%) as yellow solid. ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.45 (s, 1H), 10.57 (s, 1H), 9.54 (s, 1H), 7.92 (d, *J* = 7.56 Hz, 1H), 7.87 (d, *J* = 8.69 Hz, 1H), 7.59 (d, *J* = 8.95 Hz, 3H), 7.52 (d, *J* = 7.83 Hz, 1H), 7.38 (d, *J* = 7.83 Hz, 1H), 7.28 (d, *J* = 7.83 Hz, 1H), 7.19 (t, *J* = 7.22 Hz, 1H), 7.10--7.14 (m, 2H), 7.01 (t, *J* = 7.58 Hz, 1H), 6.93 (t, *J* = 7.45 Hz, 1H), 6.74 (d, *J* = 7.94 Hz, 1H), 6.56 (t, *J* = 7.94 Hz, 1H), 6.24 (s, 1H), 5.61 (d, *J* = 6.45 Hz, 1H), 4.82 (s, 2H), 2.56 (s, 3H), 0.84 (t, *J* = 6.62 Hz, 2H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.66, 164.64, 150.92, 142.98, 141.53, 136.96, 133.59, 129.00, 128.63, 128.33, 127.99, 126.61, 126.39, 125.52, 123.37, 122.50, 122.11, 121.58, 120.93, 119.00, 118.35, 118.17, 116.34, 116.16, 111.63, 107.92, 68.04, 64.95, 35.45, 31.24, 23.61, 15.16. HRMS (ESI, positive) *m*/*z* Calcd. for C~33~H~29~N~6~O~3~ \[M+H\]^+^: 557.2296; Found 557.2299. HPLC purity: 99.9%.

Compounds **30b**, *ent***-30a** were obtained from a similar protocol described for compound **30a**.

#### 4.1.2.6. (7S,13bS)-N-(4-((2-Aminophenyl)carbamoyl)phenyl)-3-fluoro-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**30b**) {#sec4.1.2.6}

Yellow solid (Yield: 32%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.47 (s, 1H), 10.57 (s, 1H), 9.54 (s, 1H), 7.89 (d, *J* = 8.70 Hz, 2H), 7.64 (dd, *J* = 2.97, 8.66 Hz, 1H), 7.61 (d, *J* = 8.66 Hz, 2H), 7.54 (d, *J* = 7.92 Hz, 1H), 7.48 (t, *J* = 8.73 Hz, 1H), 7.38--7.41 (m, 2H), 7.11--7.15 (m, 2H), 7.02 (t, *J* = 7.64 Hz, 1H), 6.94 (t, *J* = 7.82 Hz, 1H), 6.75 (d, *J* = 7.82 Hz, 1H), 6.57 (t, *J* = 7.82 Hz, 1H), 6.27 (s, 1H), 5.62 (d, *J* = 6.63 Hz, 1H), 4.84 (s, 2H), 3.47 (d, *J* = 16.07 Hz, 1H), 2.50 (s, 3H), 0.85 (t, *J* = 6.91 Hz, 1H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.50, 164.87, 163.69, 158.77, 157.13, 147.28, 143.06, 141.42, 136.96, 129.01, 128.60, 127.79, 126.65, 126.49, 125.43, 124.21, 123.30, 122.119, 121.08, 120.91, 119.02, 118.36, 118.25, 116.47, 116.19, 113.60, 113.43, 111.66, 107.88, 68.33, 53.67, 35.83, 23.61. ESI-MS (*m*/*z*): 575.56 \[M+H\]^+^.

#### 4.1.2.7. (7S,13bS)-N-(4-(Hydroxycarbamoyl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3\':3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (**32**) {#sec4.1.2.7}

Yellow solid (yield: 81%). ^1^H NMR (DMSO-*d*~6~, 600 MHz) *δ* 11.44 (s, 1H), 7.92 (d, *J* = 3.23 Hz, 2H), 7.80 (d, *J* = 8.31 Hz, 1H), 7.63 (d, *J* = 8.31 Hz, 2H), 7.59 (t, *J* = 8.31 Hz, 3H), 7.53 (t, *J* = 8.31 Hz, 2H), 7.37 (d, *J* = 7.39 Hz, 2H), 7.29 (t, *J* = 7.39 Hz, 3H), 7.19 (d, *J* = 6.47 Hz, 2H), 7.10--7.14 (m, 2H), 6.24 (s, 1H), 5.59 (s, 1H), 2.55 (s, 3H), 2.38 (s, 1H). ESI-MS (*m*/*z*): 480.46 \[M+H\]^+^.

#### 4.1.2.8. (7R,13bR)-N-(7-(Hydroxyamino)-7-oxoheptyl)-14-methyl-5-oxo-5,7,8,8a,13,13a,13b,14-octahydroindeno\[2′,1′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (ent-**20a**) {#sec4.1.2.8}

Light yellow solid (Yield: 55%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.37 (s, 1H), 10.30 (s, 1H), 8.64 (s, 1H), 8.00 (t, *J* = 5.84 Hz, 1H), 7.92 (dd, *J* = 1.12, 7.86 Hz, 1H), 7.56 (t, *J* = 7.59 Hz, 1H), 7.49 (d, *J* = 7.59 Hz, 1H), 7.40 (d, *J* = 7.59 Hz, 1H), 7.24 (d, *J* = 7.74 Hz, 1H), 7.18 (t, *J* = 7.19 Hz, 1H), 7.13 (t, *J* = 7.19 Hz, 1H), 7.03 (t, *J* = 7.19 Hz, 1H), 6.19 (s, 1H), 5.35 (d, *J* = 5.19 Hz, 1H), 3.73 (d, *J* = 13.85 Hz, 1H), 3.10--3.13 (m, 1H), 2.88--2.91 (m, 2H), 2.51 (s, 3H), 1.84 (t, *J* = 7.77 Hz, 2H), 1.28--1.33 (m, 2H), 1.18--1.23 (m, 2H), 1.00--1.04 (m, 4H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 150.54, 136.81, 133.19, 128.32, 128.03, 125.67, 122.26, 122.00, 121.94, 120.65, 118.84, 118.22, 111.52, 108.78, 67.73, 52.90, 38.51, 35.56, 32.15, 28.82, 28.15, 25.72, 24.87, 23.67. ESI-MS (*m*/*z*): 490.62 \[M+H\]^+^.

#### 4.1.2.9. (7R,13bR)-N-(6-(Hydroxyamino)-6-oxohexyl)-14-methyl-5-oxo-5,7,8,8a,13,13a,13b,14-octahydroindeno\[2′,1′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (ent-**20b**) {#sec4.1.2.9}

Light yellow solid (Yield: 52%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.36 (s, 1H), 10.27 (s, 1H), 8.63 (s, 1H), 8.01 (t, *J* = 5.85 Hz, 1H), 7.92 (dd, *J* = 1.67, 7.94 Hz, 1H), 7.56 (t, *J* = 7.53 Hz, 1H), 7.50 (d, *J* = 7.94 Hz, 1H), 7.37 (d, *J* = 8.36 Hz, 1H), 7.24 (d, *J* = 8.36 Hz, 1H), 7.18 (t, *J* = 7.68 Hz, 1H), 7.13 (t, *J* = 7.68 Hz, 1H), 7.03 (t, *J* = 7.68 Hz, 1H), 6.19 (s, 1H), 5.39 (d, *J* = 6.50 Hz, 1H), 3.37 (d, *J* = 15.86 Hz, 1H), 3.09--3.12 (m, 1H), 2.88--2.90 (m, 2H), 2.51 (s, 3H), 1.80 (t, *J* = 7.49 Hz, 2H), 1.29--1.34 (m, 2H), 1.19--1.24 (m, 2H), 0.98--1.03 (m, 2H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.37, 169.01, 164.10, 150.53, 136.80, 133.19, 128.33, 128.05, 125.68, 122.26, 122.00, 121.93, 120.65, 118.85, 118.25, 111.53, 108.80, 67.73, 52.89, 38.52, 35.58, 32.07, 28.63, 25.71, 24.70, 23.64. ESI-MS (*m*/*z*): 476.56 \[M+H\]^+^.

#### 4.1.2.10. (7R,13bR)-N-(4-((E)-3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (ent-**25a**) {#sec4.1.2.10}

Yellow solid (Yield: 41%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.45 (s, 1H), 10.46 (s, 1H), 7.94 (d, *J* = 7.63 Hz, 1H), 7.59 (t, *J* = 7.63 Hz, 1H), 7.54 (d, *J* = 7.83 Hz, 3H), 7.44 (d, *J* = 7.83 Hz, 1H), 7.38 (d, *J* = 7.93 Hz, 1H), 7.34 (d, *J* = 15.87 Hz, 1H), 7.29 (d, *J* = 7.93 Hz, 1H), 7.20 (d, *J* = 7.93 Hz, 1H), 7.11--7.15 (m, 1H), 7.01 (t, *J* = 7.48 Hz, 1H), 6.25 (s, 1H), 5.59 (d, *J* = 6.27 Hz, 1H), 2.56 (s, 3H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.32, 164.56, 162.88, 150.77, 147.73, 139.84, 137.74, 136.90, 133.44, 129.74, 129.28, 128.99, 128.31, 128.08, 128.02, 127.73, 127.48, 126.59, 126.20, 125.53, 122.47, 122.07, 121.69, 120.99, 119.09, 119.00, 118.92, 118.38, 117.46, 111.60, 107.93, 68.06, 64.86, 53.40, 35.52, 23.67, 15.12. ESI-MS (*m*/*z*): 508.42 \[M+H\]^+^.

#### 4.1.2.11. (7R,13bR)-N-(3-((E)-3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (ent-**25b**) {#sec4.1.2.11}

Yellow solid (Yield: 38%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.45 (s, 1H), 10.41 (s, 1H), 7.94 (dd, *J* = 1.59, 7.74 Hz, 1H), 7.90 (s, 1H), 7.59 (t, *J* = 7.65 Hz, 1H), 7.54 (d, *J* = 7.65 Hz, 1H), 7.39 (d, *J* = 7.65 Hz, 2H), 7.34 (d, *J* = 15.30 Hz, 2H), 7.27--7.31 (m, 4H), 7.20 (d, *J* = 7.47 Hz, 2H), 7.13--7.15 (m, 1H), 7.02 (t, *J* = 7.42 Hz, 1H), 6.34 (d, *J* = 16.01 Hz, 1H), 6.25 (s, 1H), 5.60 (d, *J* = 7.23 Hz, 1H), 3.45 (d, *J* = 15.91 Hz, 1H), 3.36--3.40 (m, 2H), 2.57 (s, 3H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.39, 164.58, 162.41, 150.77, 147.73, 139.32, 138.05, 136.89, 135.26, 133.44, 129.30, 128.99, 128.21, 127.99, 127.73, 127.48, 126.59, 125.54, 123.49, 122.50, 121.74, 121.05, 120.06, 119.22, 118.93, 116.45, 111.59, 107.98, 68.06, 64.86, 53.39, 35.53, 23.63, 15.12. ESI-MS (*m*/*z*): 508.39 \[M+H\]^+^.

#### 4.1.2.12. (7R,13bR)-N-(4-((2-Aminophenyl)carbamoyl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (ent-**30a**) {#sec4.1.2.12}

Yellow solid (Yield: 37%). ^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.47 (s, 1H), 10.57 (s, 1H), 9.56 (s, 1H), 7.95 (d, *J* = 9.46 Hz, 1H), 7.90 (d, *J* = 9.46 Hz, 1H), 7.62 (d, *J* = 8.54 Hz, 2H), 7.55 (d, *J* = 7.83 Hz, 1H), 7.40 (d, *J* = 8.54 Hz, 1H), 7.31 (d, *J* = 8.54 Hz, 1H), 7.20 (t, *J* = 7.83 Hz, 1H), 7.12--7.22 (m, 2H), 7.03 (t, *J* = 7.07 Hz, 1H), 6.95 (t, *J* = 7.71 Hz, 1H), 6.76 (d, *J* = 7.71 Hz, 1H), 6.58 (t, *J* = 7.71 Hz, 1H), 6.27 (s, 1H), 5.62 (d, *J* = 6.42 Hz, 1H), 4.91 (s, 1H), 2.57 (s, 3H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.56, 164.59, 150.78, 142.98, 141.53, 136.91, 133.47, 129.00, 128.62, 128.33, 128.01, 126.60, 126.30, 125.54, 123.46, 122.49, 122.09, 121.68, 121.01, 118.93, 118.40, 118.15, 116.29, 116.14, 111.62, 107.92, 68.06, 64.86, 53.45, 35.53, 30.73, 23.64, 15.12. ESI-MS (*m*/*z*): 557.53 \[M+H\]^+^.

#### 4.1.2.13. (7R,13bR)-N-(4-(Hydroxycarbamoyl)phenyl)-14-methyl-5-oxo-5,7,8,13,13b,14-hexahydroindolo\[2′,3′:3,4\]pyrido\[2,1-b\]quinazoline-7-carboxamide (ent-**32**). Yellow solid (Yield: 40%) {#sec4.1.2.13}

^1^H NMR (DMSO-*d*~6~, 600 MHz): *δ* 11.45 (s, 1H), 10.50 (s, 1H), 7.93 (d, *J* = 7.63 Hz, 1H), 7.65 (d, *J* = 8.96 Hz, 2H), 7.59 (t, *J* = 7.96 Hz, 1H), 7.55 (d, *J* = 8.96 Hz, 2H), 7.39 (d, *J* = 7.96 Hz, 1H), 7.29 (d, *J* = 7.96 Hz, 2H), 7.20 (d, *J* = 7.96 Hz, 1H), 7.11--7.15 (m, 1H), 7.01 (t, *J* = 7.96 Hz, 1H), 6.25 (s, 1H), 5.60 (d, *J* = 6.36 Hz, 1H), 3.37--3.40 (m, 2H), 2.56 (s, 3H). ^13^C NMR (150 MHz, DMSO-*d*~6~, TMS): *δ* 170.50, 164.57, 150.77, 136.90, 133.46, 128.99, 128.31, 128.01, 127.73, 127.63, 127.48, 127.24, 126.59, 126.21, 125.53, 122.47, 122.08, 121.67, 120.99, 118.92, 118.38, 118.30, 111.61, 107.90, 68.06, 64.87, 53.41, 35.52, 23.64, 15.12. ESI-MS (*m*/*z*): 482.25 \[M+H\]^+^.

4.2. Biological studies {#sec4.2}
-----------------------

### 4.2.1. HDACs activity assay {#sec4.2.1}

All of the HDACs enzymatic reactions were conducted at 37 °C for 30 min. The 50 μL reaction mixture contains HDAC, 2.7 mmol/L KCl, 137 mmol/L NaCl, 1 mmol/L MgCl~2~, 25 mmol/L Tris, pH 8.0, 0.1 mg/mL BSA and the enzyme substrate. The compounds were diluted in 10% DMSO and 5 μL of the dilution was added to a 50 μL reaction so that the final concentration of DMSO is 1% in all of reactions. The assay was performed by quantitating the fluorescent product amount of in solution following an enzyme reaction. Fluorescence is then analyzed with an excitation of 350--360 nmol/L and an emission wavelength of 450--460 nmol/L at SpectraMax M5 microtiter plate reader (Molecular Devices, Sunnyvale, CA, USA). The IC~50~ values were calculated using nonlinear regression with normalized dose-response fit using Prism GraphPad software (San Diego, CA, USA). All experiments were independently performed at least three times.

### 4.2.2. TOP1 relaxation assay {#sec4.2.2}

The TOP1 inhibition assays were conducted as previously described[@bib32], [@bib33], [@bib34]. Briefly, the reaction mixture containing 1 unit of TOP1 (TaKaRa Biotechnology Co., Ltd., Dalian, China), supercoiled pBR322 plasmid DNA (0.25 μg) and the test compounds in a final volume of 20 μL was incubated for 15 min at 37 °C and stopped by the addition of 2 μL of 10× loading buffer (0.9% sodium dodecyl sulfate (SDS), 0.05% bromophenol blue, and 50% glycerol). The sample was separated by applying electrophoresis in a 0.8% agarose gel in TAE (Tris-acetate-EDTA) for 1 h. Ethidium bromide (0.5 μg/mL) was used to stain the resulting gels for 60 min, and the DNA band was transilluminated by UV light and photographed with a Gel Doc Ez imager (Bio-Rad Laboratories Ltd., Co., Hercules, CA, USA).

### 4.2.3. TOP2 relaxation assay {#sec4.2.3}

The TOP2 inhibition assay was carried out according to our previous study[@bib32], [@bib33], [@bib34]. Briefly, the assay mixture included the test drugs (1% DMSO), 0.75 unit of TOP2*α* (TopoGEN, Inc., Buena Vista, CO, USA), pBR322 plasmid DNA (0.25), 10 mmol/L MgCl~2~, 30 μg/mL BSA, 5 mmol/L dithiothreitol, 2 mmol/L ATP, 150 mmol/L NaCl, and 50 mmol/L Tris-HCl (pH 8.0) in a final volume of 20 μL. The resulting mixtures were incubated for 30 min at 37 °C and stopped by the addition of 2 μL of 10% SDS. Then, 2 μL of 10×gel loading buffer (0.25% bromophenol blue and 50% glycerol) was added. The sample was separated by applying electrophoresis in a 0.8% agarose gel in TAE (Tris-acetate-EDTA) for 1 h. Ethidium bromide (0.5 μg/mL) was used to stain the resulting gels for 60 min, and the DNA band was transilluminated by UV light and photographed with a Gel Doc Ez imager (Bio-Rad).

### 4.2.4. In vitro cell viability assay {#sec4.2.4}

Three human cancer cell lines, A549 (lung cancer), MCF-7 (breast cancer), HCT116 (colon cancer), were growth in 10% fetal bovine serum at 37 °C with 5% CO~2~. The cells were seeded in 96-well plates and incubated with DMEM at 60%--70% confluency for 24 h. Then, cells were treated with various concentrations of the test agents or vehicle for 48 h. The cell viability assay (CCK8 assay) was performed after drug treatment. 10% of CCK8 solution in culture medium in a final volume of 100 μL was added to each well and incubated at 37 °C for additional 1--4 h. Absorbance at 450 nmol/L (optical density, OD) was detected on a micro plate reader (Biotek Synergy H2, Winooski, VT, USA). Drug concentrations inhibited 50% of cellular growth (IC~50~) were calculated by the Logit method. All experiments were performed three times.

### 4.2.5. Flow cytometry assay of cell apoptosis {#sec4.2.5}

HCT116 cells (35 × 10^4^) were cultured in six-well plates overnight and exposed to different concentrations of compounds **1** (0.5, 1.0 and 5.0 μmol/L), **30a** (0.5, 1.0 and 5.0 μmol/L), or vehicle for 48 h. After incubation, cells were harvested, washed twice with cold PBS, and stained with Annexin V-FITC and PI and incubated at room temperature for 15 min. The percentage of apoptotic cells was analyzed by flow cytometer (BD Accuri C6, San Jose, CA, USA).

### 4.2.6. Flow cytometry analysis of cell cycle {#sec4.2.6}

HCT116 cells (35 × 10^4^) were seeded and exposed to various concentrations of compounds **1** (0.5, 1.0 and 5.0 μmol/L), **30a** (0.5, 1.0 and 5.0 μmol/L) or vehicle for 48 h. Then, cells were collected and stained with 25 μg/mL PI and 10 μg/mL RNase buffer. After the incubation period (30 min), the stained cells were analyzed by flow cytometry (BD Accuri C6).

### 4.2.7. Immunoblotting assay {#sec4.2.7}

HCT116 cells were seeded (35 × 10^4^ cells/well) into 6-well plates (Corning, New York, NY, USA) and treated with compounds **1** or **30a** at concentrations of 0.2 and 5 μmol/L or vehicle for 24 h. After the incubation period, cells were harvested and washed twice with cold PBS. And cells were lysed in RIPA Buffer containing protease inhibitor cocktail (EpiZyme, Shanghai, China) and phosphatase inhibitor cocktail (EpiZyme) at ice for 30 min. The protein concentrations were determined by using BCA Protein Assay. Equal amounts of protein (30 μg) were separated onto an SDS-PAGE and transferred to polyvinylidene fluoride membranes. After blocking with 5% BSA for 2 h, membranes were incubated overnight at 4 °C with the primary antibody (anti-Histone H3 (\#ab1791, Abcam, Cambridge, UK), anti-Histone H4 (\#ab9051, Abcam)). Then the membranes were incubated with the secondary antibody for 1.5 h. The images were captured by Odyssey Infrared Imaging (Lincoln, NE, USA).

### 4.2.8. In vivo tumor growth inhibition assay against HCT116 xenograft {#sec4.2.8}

The experimental procedures and the animal use and care protocols were approved by the Committee on Ethical Use of Animals of The Second Military Medical University (Shanghai, China). BALB/c nude female mice (aging 5 to 6 weeks-old, weighing 18--20 g, Shanghai Experimental Animal Center, Certificate SCXK-2007-0005, China) were inoculated subcutaneously with 400 × 10^4^ HCT116 colon cancer cells per mouse. About two weeks later (tumor volumes reaching to about 100--200 mm^3^), the mice were randomized into treatment and control groups (five animals per group). The treatment groups were administered by i.p. (or *p.o*.) with compounds **25a** and **30a** (indicated dosage), and the control received vehicle (saline with 0.1% Tween 80). Tumor volumes and body weights were monitored every three day. The longest diameter of a tumor (*L*) and the shortest width (*S*) were measured by a caliper. Tumor volumes were calculated using Eq. [(1)](#fd1){ref-type="disp-formula"}:$$V = {{LS^{2}}/2}\ $$

After the treatment, mice were sacrificed and the tumor tissue was dissected and weighted for analysis.
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